White dwarfs (WDs) that accrete helium at rates ∼ 10 −8 M yr −1 , such as those in close binaries with sdB stars, can accumulate large ( 0.1 M ) helium envelopes which are likely to detonate. We perform binary stellar evolution calculations of sdB+WD binary systems with MESA, incorporating the important reaction chain
INTRODUCTION
Many accreting white dwarfs (WDs) are discovered when a thermonuclear instability (i.e. nova) occurs on their surface. These outcomes depend on the accreting fuel, the accretion rate,Ṁ , and the WD mass. The growing AM CVn class of binaries are WDs accreting from a Roche lobe filling helium donor (Nelemans et al. 2004) . No hydrogen is seen. Recent observations are beginning to unveil one possible class of progenitors for these systems, tight sdB+WD binaries (P orb < 100 min) that should make contact within the sdB star's helium burning lifetime (Geier et al. 2013; Kupfer et al. 2017 ). Due to the large He shells that are likely to accumulate prior to the onset of the initial thermonuclear instability, such systems are of interest as potential environments for helium detonations that can lead to ".Ia" supernovae or even double detonation supernovae (Nomoto 1982; Woosley & Weaver 1994; Bildsten et al. 2007; Shen & Bildsten 2009 , 2014 Woosley & Kasen 2011; Brooks et al. 2015) .
When accreting from the outer, unburned layers of a He burning star, the isotope 14 N is present with a mass fraction set by the initial stellar metallicity, X 14 ≈ 0.01(Z/0.02). When the accretor is a WD, this 14 N is an important isotope, as it captures an electron when densities above 1.25×10 6 g cm −3 are reached. The resulting 14 C then undergoes the reaction 14 C(α, γ) 18 O that can trigger a thermonuclear flash (Hashimoto et al. 1986 ). This process, known as the NCO chain, requires the accumulation of a dense shell prior to the initiation of any thermonuclear instability, and is the subject of our study. Hashimoto et al. (1986) showed that this reaction chain can lead to an earlier ignition than expected from the 3α reaction alone when accreting He onto a He WD, and Iben et al. (1987) and Shen & Bildsten (2009) noted its potential importance for accretion onto C/O WDs. Woosley & Weaver (1994) included the NCO chain in their models of sub-Chandrasekhar helium detonations. Piersanti et al. (2001) discussed the influence of NCO burning on the location of the ignition point for large, degenerate He envelopes on C/O WDs formed at constantṀ ≈ 10 −8 M yr −1 . They concluded that NCO burning only marginally decreased accumulated He layer mass, and noted that NCO burning did not lift degeneracy and prevent instability. Woosley & Kasen (2011) highlighted the role of the NCO chain in their survey of C/O WDs accreting He atṀ = (1 − 10) × 10 −8 M yr −1 , finding that the electron captures modify the neutron excess of the burned material and reduce the density at which the thermonuclear runaway initiates. ThisṀ and WD mass regime is coincident with that realized in the sdB donor star scenario (Iben et al. 1987; Brooks et al. 2015) and so needs a thorough investigation.
Our exploration of NCO ignitions in accreted He envelopes on C/O WDs using MESA confirms the importance of the NCO chain for systems accreting at rates corresponding to sdB+WD scenarios. Section 2 describes the relevant reaction rates used as input for MESA, relying on the recent work of Paxton et al. (2015) and Schwab et al. (2015) for the electron capture physics and Johnson et al. (2009) for α captures on 14 C. Section 3 shows MESA results for models at constantṀ to explore broad trends in the influence of the NCO chain. Section 4 shows MESA results that include binary evolution with resulting variable accretion rates. These binary results are qualitatively different from what is found at constantṀ , demonstrating the importance of selfconsistent evolution coupling detailed binary evolution and accretion histories to modeling of the accreting WD up to ignition of the He. The system CD −30
• 11223 (Geier et al. 2013 ) serves as a case study that naturally illustrates the importance of models including both NCO reactions and realistic binary accretion histories.
THE NCO REACTION CHAIN
Unless otherwise specified, all modeling presented in this work relies on MESA version r8118 with reaction networks including weak reactions between 14 N and 14 C as well as α-capture onto 14 C. This section describes the details of the rates for these reactions, which together make up the complete NCO chain.
Weak Reactions for
14 N and 14 C Tabulated rates for the electron-capture and betadecay reactions linking 14 N and 14 C are not included in MESA version r8118. In order to incorporate these important rates, we used a modified version of MESA's on-thefly weak reaction rate capabilities 1 Schwab et al. 2015; Paxton et al. 2016; Schwab et al. 2016) . The rate of interest is that of the ground state ( 14 N :
This a has Q-value of 0.1565 MeV, corresponding to a threshold density of ρ th = 1.156 × 10 6 g cm −3 for electron fraction Y e = 0.5. The f t-value for 14 C beta decay is log(f t/s) = 9.04 (Ajzenberg-Selove 1991), with the f t-value for electron capture being a factor of 3 lower, corresponding to the ratio of the spin degeneracies (2J N + 1)/(2J C + 1).
The previous application of these capabilities Martínez-Rodríguez et al. 2016 ) focused on the high-density regime where the degenerate electrons are ultra-relativistic, and therefore we must make one slight modification to the treatment included in MESA version r8118. The equations implemented assume that G, the Coulomb barrier factor, can be approximated as a constant and thus removed from the phase space integral. This is true in the ultra-relativistic regime, where G = exp(παZ) ≈ 1.2 as well as in the non-relativistic regime, where G = 2παZ ≈ 0.32 (Fuller et al. 1980) . However, the density where the electron Fermi energy E F ≈ m e c 2 is ρ ≈ 2 × 10 6 g cm −3 (for Y e = 0.5), near ρ th . We are not in either limiting regime. Fuller et al. (1985) remove G from the integral by replacing it with a suitably defined average value, G . These values vary with density and temperature; however, we find the choice of a single average value G β = 0.75 (for beta decay) and G ec = 0.95 (for electron capture) reproduces the rates calculated without removing G from the integral to within ≈ 10% over the regime of interest (5 ≤ log(ρ/g cm −3 ) ≤ 7 and 7 ≤ log(T /K) ≤ 9). Figure 1 shows these weak reaction rates.
We confirmed that these rates agree with the rates in Hashimoto et al. (1986) to within ≈ 10% at the relevant, near-threshold densities. The work of Woosley & Kasen (2011) used the Hashimoto et al. (1986) results. As discussed by Hashimoto et al. (1986) , the most important aspect of these rates is the shift in equilibrium composition from 14 N (at ρ < ρ th ) to 14 C (at ρ > ρ th ) over a narrow range in density ∆ log ρ ≈ (k B T )/E F .
The rates in our MESA calculations include an additional correction not present in the rates shown in Figure 1; this "ion Coulomb correction" corresponds to the energetic cost to change the ion charge in the dense plasma. We evaluate the magnitude of this effect using the ion chemical potential from Potekhin et al. (2009) . At the densities and temperatures of interest, this energy difference is ∆µ ion ≈ 7 keV. This corresponds to an increase of the threshold density by ∆ρ th ≈ 10 5 g cm −3 . When referring to the threshold density for our MESA models, we use the value ρ th = 1.25 × 10 6 g cm −3 which accounts for this correction.
The
Historically, the 14 C(α, γ) 18 O rate has been uncertain by several orders of magnitude due to a poorly constrained, near-threshold, 3
− resonance in 18 O at 6.404 MeV, which dominates the rate for temperatures 3 × 10 7 K < T < 3 × 10 8 K. Figure 2 shows the rate given in equation (1) of Hashimoto et al. (1986) , as well as the rate from Iliadis et al. (2010) clib database (Cyburt et al. 2010) , that was adopted as the default rate in MESA (Paxton et al. 2011 (Paxton et al. , 2013 . The contrast between these rates illustrates the large historical uncertainty associated with the temperature regime dominated by the resonance.
For this work we use the measurements of Johnson et al. (2009) for the temperature regime T > 3 × 10 7 K, where the rate is dominated by the 3 − and 4 + resonances. We have adopted the rates given in their equation (12) for those resonances, with a claimed uncertainty of just 35% for the 3 − resonance. Thus, the historical uncertainty associated with the 14 C(α, γ) 18 O rate is now greatly reduced in the temperature regime relevant for our problem. The contributions from these resonances are plotted in Figure 2 for comparison to the other full rates. For lower temperatures where these resonances do not dominate, we switch back to using the rate from Iliadis et al. (2010) for simplicity, though the rate is so small in this region that it will not be sig- nificant. The lower panel of Figure 2 shows the total resulting rate that we have adopted for this work relative to the default rate found in MESA version r8118 from Iliadis et al. (2010) .
Example of He Accretion onto a He WD
To exhibit how MESA compares to prior work, we used MESA to reproduce the He WD evolution scenarios described in section 4 and figure 5 of Hashimoto et al. (1986) . A 0.3 M He WD model accretes He until the center is compressed and heated enough to undergo an NCO induced thermonuclear runaway. In Figure 3 , we compare cases with different rates for the 14 C(α, γ) 18 O step in the NCO chain, as well as a case where NCO reactions are omitted from the network. For higher accretion rates, the temperature of the core is high enough that electron captures are the rate limiting step for the NCO chain, and hence we see no difference in the evolution tracks when using different 14 C(α, γ) 18 O rates. For lower accretion rates, however, the core evolution
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Figure 3. MESA models of He accretion onto a He WD reproducing those shown by figure 5 in Hashimoto et al. (1986) . Solid black lines show core ignition via the NCO chain using the 14 C(α, γ) 18 O rate given by Hashimoto et al. (1986) equation (1). Dashed lines show ignition when NCO burning is ignored and only 3α plays a role. Solid blue lines show the result from NCO ignition using the 14 C(α, γ) 18 O rate described in Section 2.2 of this work. The three different cases are constant He accretion rates of (A) 10
tracks reach well beyond the threshold density for electron captures, so that electron captures are no longer the rate limiting step for the NCO chain. Instead, the tracks lie in a temperature region where 14 C burning dominates the net NCO rate, and we see that the improved 14 C(α, γ) 18 O rate (Johnson et al. 2009 ) substantially changes the final outcome for case B. In case C, He burning triggers the thermonuclear runaway before NCO has a chance, so the 14 C(α, γ) 18 O rate ends up being irrelevant for igniting the flash.
NCO REACTIONS AND HELIUM ACCRETION
Due to the steep density dependence of the electron capture rates, we expect the NCO chain to play a significant role only when the density at the base of an accreted He shell reaches values above the threshold density of ρ th = 1.25 × 10 6 g cm −3 prior to thermonuclear ignition. The rate at which NCO burning occurs can be governed by the electron captures on 14 N (and hence the local density), but most of the energy production from the chain is supplied by the subsequent burning of 14 C. Once the right conditions are reached for electron captures onto 14 N, alpha captures occur on the freshly produced 14 C, releasing Q = 6.227 MeV per 14 C consumed. At constant pressure and for ions strongly in the liquid state, complete consumption of the 14 C at abundance X 14 1 in a helium background leads to a temperature change of ∆T = 2 21
This entropy input is often large enough to trigger a full He burning runaway, and 3α burning quickly takes over as the dominant energy source once NCO has raised the temperature enough to initiate a runaway. In contrast, when NCO reactions are ignored and ignition depends on 3α reactions alone, the models experience a later ignition in a different location. Helium burning via 3α is much more temperature sensitive than the electron captures that initiate the NCO chain, which depend primarily on the density. Despite previous work on mixing and viscous heating due to shear instabilities for white dwarfs accreting helium (Yoon & Langer 2004a; Yoon et al. 2004; Yoon & Langer 2004b) , we ignore these effects in our models. Recent work by Piro (2015) suggests that this should be justified due to the baroclinic instability inhibiting development of shear instabilities at depths relevant for helium ignition.
ConstantṀ Without NCO
As a baseline for comparison, we first created a grid of WD models over a range of constant He accretion rates until they reached 3α ignition in their shells. During the accretion phase, the location of peak temperature lies outside the base of the accreted envelope due to the generic feature of a temperature inversion at these accretion rates, where electron conduction competes with the compressional heating by draining heat into the core and cooling the most dense inner layers of the envelope (Nomoto 1982) . Since temperature inversions can cause a 3α based runaway to happen at a location in the accumulated material other than the base, the convective shell mass can be less than the total accreted mass. The top panel of Figure 4 shows the mass of the accumulated (solid) and convective (dashed) He shells at the moment of the instability triggered by the 3α reactions alone. The convective shell mass is defined here as all mass exterior to the location of the thermonuclear runaway, which will be swept up in the convection that occurs as a result of unstable ignition.
Models to the left of the solid point in Figure 4 accumulated sufficiently large He envelopes to achieve a density above 1.25 × 10 6 g cm −3 at the base of the He layer prior to 3α ignition, implying that foṙ initial core temperature of T c = 2 × 10 7 K, appropriate for sdB+WD binary scenarios where the WD certainly has 10 − 100 Myr to cool before the system makes contact. Lower core temperatures do not significantly impact the results.
ConstantṀ With NCO
A set of models similar to those shown in the top panel of Figure 4 , but now including NCO reactions, is shown in the lower panel of Figure 4 . For the region where density is beyond the threshold for NCO, we can see that the total accreted mass is somewhat lower due to earlier ignition, but in some cases the convective shell can still encompass more total mass due to the ignition occurring deeper in the accreted material.
The discontinuous feature in total accreted mass at lowṀ in the lower panel of Figure Base atṀ = 1.8 × 10 −8 Peak Temperature atṀ = 1.8 × 10 −8 c P T /ε NCO = 10 7 yr c P T /ε 3α = 10 7 yr Envelope Profiles Figure 5 . Density-temperature evolution of the accreted layer for a 1.0 M WD accreting at two different rates. These two models correspond to the discontinuity in the red line in the lower panel of Figure 4 .
NCO ignitions for certain accretion rates. The finite supply of 14 C at X 14 ≈ 0.01 can be exhausted before NCO burning can fully ignite a 3α runaway. Due to the highly degenerate conditions at the base of He envelopes that are dense enough for NCO to occur, electron conduction can carry significant amounts of heat inward toward the cooler core as 14 C(α, γ) 18 O begins to run away. This leads to a ∆T smaller than that predicted by equation (1). Figure 5 shows the envelope ρ − T evolution of two models at very similarṀ , where one experiences a failed NCO runaway at its base before eventually experiencing a true 3α runaway at the peak temperature location further out in the accreted He envelope.
The metallicity sets the total amount of 14 N available for NCO reactions. Since ∆T from complete NCO consumption scales with X 14 in equation (1), variation in metallicity directly corresponds to variation in the total thermal impact that NCO reactions can have. Varying only the initial 14 N content in the grid of constanṫ M models reveals a strong dependence on metallicity. These results are shown in Figure 6 . For simplicity, we only present the variation in runs for the 0.7 M WD accretor model. Results for other accretor masses are similar. We assume that both the donor and accretor were born with the same metallicity, and that all CNO elements from the initial metallicity eventually end up as 14 N in both stars due to CNO burning in the evolu- tion that produces them. Hence the initial mass fraction of 14 N in the He envelope of the WD is correlated with that in the He accreted from the donor. Since the initial He envelope ends up as the base of the He layer after accretion, it contributes to the energy produced in the dense layers where NCO reactions occur.
Larger convective shell masses are associated with denser ignition locations that may be expected to experience dynamical burning. This provides the potential for developing detonation fronts that can give rise to interesting phenomenology such as .Ia supernovae (Bildsten et al. 2007; Shen & Bildsten 2009) or double detonation type Ia supernovae (Woosley & Weaver 1994) if the detonation can transition into the C/O core. The threshold envelope mass for dynamical burning is on the order of ∼ 0.1 M . Because the NCO chain increases the convective shell mass in some regions, and the lower accretion rate regime is associated with large total accumulation masses, we see that NCO reactions are important for systems that have the potential to ignite dynamically.
Realistic binary systems often have accretion rates that vary across the boundary for high-density ignition shown by solid dots in Figure 4 . Furthermore, Figure 4 shows that small variations in accretion rate around 2 − 4 × 10 −8 M yr −1 can significantly impact the final convective shell mass, determining the dynamical fate of ignition. Clearly the constantṀ approximation is a concern, so we now use the robust binary capabilities present in MESA to test a range of realistic parameters and scenarios for NCO ignitions.
REALISTIC MASS TRANSFER SCENARIOS
We now show that NCO burning plays a significant role in the initial flash encountered in He star or sdB donor systems when the WD builds up a large He envelope. Our results at constantṀ in Section 3.2 suggest that the main impact of NCO reactions is to decrease both total accreted mass and convective envelope mass at lowṀ . However, our simulations of realistic binary evolution scenarios indicate that NCO burning can be much more significant than the constantṀ results suggest. Neunteufel et al. (2016) studied systems like these using detailed binary evolution and accretion rates while drawing on Woosley & Kasen (2011) for ignition outcomes of WDs treated as point mass accretors. However, our results indicate that the constantṀ results have limited predictive power in binary systems. Both the system and the WD must be evolved.
The First Flash after Contact
Brooks et al. (2015) used MESA's binary evolution capabilities to model AM CVn systems, including realistic accretion histories for systems that are brought into contact by gravitational wave radiation, with self-consistent binary stellar evolution tracked through the accretion phase. Their study included many cycles of accretion, ignition, and flashes, but NCO reactions were not included. For many of the flashes, they found accumulated masses that were insufficient for the He layer to reach densities required for NCO reactions. A few of the flashes, however, did accumulate sufficient mass, particularly those occuring after the system first comes into contact and has not yet been warmed by previous flash episodes. In this section, we re-examine two of these binary scenarios where NCO reactions can play a role. The first is a 0.4 M He star donating onto a 0.8 M WD, and the second is the same donor model with a 1.0 M WD accretor. These correspond to panels 2 and 4 in figures 12 and 13 from Brooks et al. (2015) .
The accretion rate is primarily governed by the physics of the donor star, and our study here leaves this unmodified, so we use the sameṀ histories as presented in figure 12 of Brooks et al. (2015) up to the point of ignition. With an identical starting model for the WD accretor and the accretion rate as specified by previous MESA binary runs, it is sufficient to follow the single star evolution in MESA for the accretor, with no further need to invoke MESA binary. Figure 7 and Table 1 show that NCO reactions can modify the thermal structure prior to ignition, and more importantly, lead to ignition in the much deeper layers near the base of the accreted He. This effect is more pronounced for some systems than others, and the ac- Brooks et al. 2015) . Since thisṀ range is precisely where Figure 4 shows the most significant variation in convective shell mass, there appears to be no reliable way to estimate the impact of NCO on ignition based on results at constantṀ . Thus, accretion histories from full, self-consistent binary evolution such as those provided here need to be used to assess the condition at the time of thermal runaway.
The First Flash in CD −30
• 11223 CD −30
• 11223 (Geier et al. 2013 ) is a sdB+WD binary system with an orbital period of 70.5 minutes that will make contact in 40 Myr, likely while the sdB star's core is still burning He. Brooks et al. (2015) used MESA to model the binary evolution of this system as a 0.510 M sdB star donating onto a 0.762 M WD, with initial conditions tuned to match the observations of Geier et al. (2013) assuming that the sdB star is just beginning helium core burning. They predicted that the WD would accumulate a large He envelope (∆M acc ≈ 0.175 M ) which will then experience 3α ignition above the base of envelope, leading to a smaller convective envelope (∆M conv ≈ 0.084 M ). For more information on the details of the modeling of this binary system, see section 3.2 in Brooks et al. (2015) . Using the same accretion history and starting model, we modeled the evolution of the accreting WD both with and without NCO reactions. If we do not include the reactions necessary for the NCO chain in our network, our results match those described by Brooks et al. (2015) . In contrast, with NCO burning included in the network, the extra heat injected in the . Profiles from models of the accreting WD in several binary systems after the flash has ignited. Models that include NCO reactions ignite in the deeper, denser region. In the case of CD −30
• 11223, the outer envelope has been noticeably warmed by additional heat from NCO burning prior to thermonuclear runaway.
deeper, denser layers of the envelope leads to an earlier ignition of a slightly smaller (∆M acc = 0.163 M ) He envelope triggered by 14 C. However, since the ignition is triggered much deeper in the accreted envelope, as seen in Figure 7 , this results in a much larger, and more dynamically important, convective envelope of mass ∆M conv = 0.153 M .
This near doubling of the convective shell mass has no parallel from the results at constantṀ shown in Section 3.2. In fact the trend seen there is in the opposite direction, where Figure 4 shows that NCO ignitions RealisticṀ History ConstantṀ c P T /ε 3α = 10 7 yr Figure 8 . Effect of varying accretion history for CD −30
• 11223. The solid density-temperature profile shows the model evolved with a realistic accretion history from binary evolution. The dashed profile shows a model with a constantṀ , corresponding to the time-average of the realistic history. The profiles are shown when the models reach a total mass of M = 0.925 M .
mostly tend to suppress the size of the convective shell by causing an earlier ignition while less total helium has had a chance to accumulate. This qualitatively different result of a much larger convective shell further motivates the use of full binary calculations in MESA to avoid the approximation of constantṀ . Figure 8 shows the contrast between modeling of CD −30
• 11223 including realistic accretion histories and modeling that makes the approximation of constantṀ . The latter case assumesṀ = 1.93 × 10 −8 M yr −1 , the time-average of the accretion rate from the binary evolution calculations of Brooks et al. (2015) . Both models here include the NCO reaction chain. After accumulating the same amount of mass to reach M = 0.925 M , the model with constantṀ has not yet reached 3α ignition, while the realisticṀ model has. Indeed, the constantṀ model must accumulate 3% more mass before reaching ignition at a final mass of M = 0.930 M .
Metallicity and
14 N Abundance in sdB Donors
For sdB star donors, the interior abundance of 14 N may be somewhat lower due to burning during the helium core flash having processed some of the 14 N to 18 O and 22 Ne. MESA models of the helium core flash show about half of the 14 N in the interior of the He core will be consumed, leaving behind X 14 ≈ 0.005 of the original X 14 ≈ 0.01 for resulting sdB models (at solar metallicity). Table 1 showing that NCO burning pushes convective shells toward masses that will be more dynamical. Red points are for the 0.4 M He + 0.8 M WD system, and blue points are for the 0.4 M He + 1.0 M WD system. Gold points are for CD −30
• 11223, with diamonds used to show models with metallicity other than solar. The grey shaded region shows the minimum allowed envelope masses for detonation or deflagration found by Woosley & Kasen (2011) for a range of core temperatures. Note that core mass in this figure is defined as all of the mass inside the convective shell. et al. (2015) . This means that after the first 0.01 M of material donated, the abundance of 14 N in the donated material will drop to X 14 ≈ 0.005. However, NCO reactions are primarily significant in material from the initial He envelope of the accretor and first donated material, which will eventually form the most dense region of the He layer at its base. As Table 1 shows, these NCO reactions at the base of the He layer can provide sufficient heating to ignite the envelope within ≈ 0.01 M of its base, so the lower abundance of 14 N in the accreted material further out should not significantly impact the outcome, and we ignore this change in abundance for all models presented in this work.
DYNAMICAL BURNING IN LARGE HELIUM ENVELOPES
Following Bildsten et al. (2007) , we study the possibility of dynamical burning that may transition into a detonation by plotting the convective shell masses from Table 1 along with lines comparing the dynamic timescale to the heating timescale from burning in Figure 9 . These timescales are defined as τ dyn = H/c sound and τ heat = c P T /ε nuc , where H = P/ρg, and ε nuc is dominated by 3α burning that takes over once the thermonuclear runaway is initiated. These quantities are evaluated at the base of the convective burning shell. These lines are taken from figure 5 in Shen & Bildsten (2009) . See also figure 7 in Brooks et al. (2015) for comparison, which has three points matching the three triangular symbols on our Figure 9 , corresponding to binary models that did not include NCO reactions. For comparison, we also include the range of minimum allowed convective envelope masses for detonation or deflagration found by Woosley & Kasen (2011) in their extensive grid of constantṀ models.
The solar metallicity model for CD −30
• 11223 (gold star in Figure 9 ) is likely to reach especially dynamical burning conditions. At 0.1 s before the most rapid evolution occurs in the MESA model, τ heat becomes shorter than τ dyn . If allowed to evolve beyond that point, peak burning reaches τ heat ≈ 0.1τ dyn , and convective velocities reach nearly the sound speed. We expect that a detonation should develop around this point, but hydrostatic 1D MESA calculations are not reliable for evolution beyond this point. For more detailed study of the conditions of dynamical burning and convection leading to potential ignition of a detonation, see the recent work of Jacobs et al. (2016) . The outcomes of their 3D hydrodynamical simulations appear to be broadly consistent with our expectations based on Figure 9 , but further study is warranted.
The models for binary systems described in Sections 4.1 and 4.2 assumed solar metallicity for both the donor star and the WD progenitor, but the metallicity of CD −30
• 11223 is not known. Varying the metallicity of the system changes the amount of time necessary for the NCO chain to deposit enough heat to initiate a runaway, and hence the metallicity influences both total accreted mass and convective shell mass. This trend is clear in the diamond symbols showing convective shell masses in Figure 9 , which represent the binary system described in Section 4.2 modeled with NCO reactions over a range of metallicities. For Z 0.02, there is a continuous progression toward larger convective shell masses as metallicity increases for this system. However, once Z 0.02, there is plenty of 14 N present for the NCO chain to ignite runaway burning quickly after electron captures get underway past the threshold density, and hence higher metallicity does not significantly change the burning outcome past this point of saturation around solar metallicity.
CONCLUSIONS AND FUTURE WORK
Our results show that NCO reactions play an important role in triggering envelope ignitions for WDs accreting He at rates in the range 1 − 5 × 10 −8 M /yr. Binary systems composed of an sdB star donating He onto a WD naturally give rise to accretion rates that vary within this range. Because the thermal time is comparable to the accretion time in these He envelopes, it is necessary to model systems in a way that consistently tracks both the full accretion rate history and the evolution of the WD in response. Extrapolations from results using constant accretion rates are inadequate.
Though studies at constantṀ have concluded that NCO reactions provide only minor corrections with no qualitative differences, binary evolution withṀ that varies over the accumulation phase shows that NCO can be more important than previously thought. Models for the observed system CD −30
• 11223 illustrate the most pronounced qualitative differences that can arise as a result of NCO triggered ignitions during binary evolution, with a convective envelope mass that is twice as large in the case that includes NCO reactions. The recent discovery by Kupfer et al. (2017) of another system with a tight (87 min) sdB+WD binary demonstrates that detailed binary modeling with NCO reactions will continue to remain important as more of these systems are discovered.
The dynamical nature of the most extreme flashes presented here suggests that NCO triggered ignitions can lead to He detonations. We have also found that metallicity is directly correlated with the potential outcomes in these systems, with solar metallicity progenitors providing ample fuel for the NCO chain, while lower metallicities predictably soften its effects. Helium shell detonations are still possible in low metallicity environments without NCO triggers, but they appear less likely according to Figure 9 . Though we have not exhaustively studied this trend, it may suggest a correlation between higher metallicity environments and observations involving events with thick helium shell detonations.
Future exploration should include modeling of additional variables that can impact the binary evolution of sdB+WD systems. Models presented here assumed that the sdB star in CD −30
• 11223 is at the beginning of core He burning, but this age is not constrained. If the sdB star has a different He core burning age, the system will make contact at a different stage of the sdB life cycle, and the resulting accretion rate will vary accordingly. Since our results here show that the details of the accretion rate are crucial, variations in theṀ predicted by binary evolution may lead to different results for the total convective shell mass ignited on the WD. We anticipate a potential variation of predicted outcomes for the final fate of any given system where the sdB star age is not known.
More work is also necessary to strengthen our understanding of evolution beyond the onset of dynamical burning. Understanding the transition into detonation and the resulting effects on both the envelope and core will be crucial for making a specific prediction about the ultimate observable nature of these NCO triggered events.
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